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Under conditions of physiological stress of different aetiologies, 
cells of any organism undergo compensatory metabolic changes. 
The specificity of such changes primarily depends on functional 
and histochemical features of the tissues of the body. The purpose 
of this work was to describe the functioning of the main compo­
nents of the oxidation-reduction system, (ORS, the Krebs cycle, 
and the antioxidant system) in the myocardium of geese under 
conditions of the physiological stress occurring during the tran­
sition from the embryonic to postnatal development. It has been 
experimentally established that in the second half of geese em­
bryogenesis, the content of short-chain fatty acids is significantly 
increased and the content of long-chain polyunsaturated fatty 
acids in their myocardium decreases. During the first two weeks 
of the postnatal period, there are reversible changes in the fatty 
acid composition of this tissue. The second half of the embryo­
genesis is characterized by the activation of dehydrogenases of 
the Krebs cycle in the low variability of antioxidant enzyme ac­
tivity. At the same time, the experiment demonstrated an increase 
in the antioxidant activity coefficient, with the exception of its 
significant reduction on the first day of postnatal ontogenesis. 
The functioning of the ORS in the myocardium of geese is char­
acterized by the presence of correlations between the nature of 
the changes of 19 investigated components (dehydrogenases of 
the Krebs cycle, antioxidant enzymes, lipid peroxidation prod­
ucts, antioxidant activity coefficient, fatty acids, their total content 
and unsaturation) and structuring of the system into two clusters.
Keywords: dehydrogenase, Krebs cycle, fatty acids, antioxidant 
protection, hyperoxia, hypoxia
INTRODUCTION
Each living organism is a biological system 
the functioning of which is ensured by a balanced 
flow of oxidation-reducing processes (Yakovii­
chuk et al., 2017). Under the conditions of physi­
* Corresponding author. Email: alex.yakov1991@gmail.com
ological stresses of different aetiology, this bal­
ance is dynamic and the cells undergometabolic 
alterations aimed at compensating for the harm­
ful factor. The specificity of these alterations de­
pends on functional and histochemical peculiari­
ties of the tissue. The role of the major inducers of 
the metabolic transformation belongs to the ac­
tive forms of oxygen (ROS). It is known that, on
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the one hand, the active forms of oxygenare 
important messengers in the transmission of 
cell signals and regulation of various body func­
tions. On the other hand, they are able to in­
tensify lipid peroxidation processes (Jung et al., 
2017; Ortiz et al., 2017; Cortese-Krott et al., 
2017). Each physiologically-stressful period 
is accompanied by intensification of peroxide 
oxidation of lipids; and the transition of geese 
from the hypoxia of embryonic development 
to the hyperoxia of postnatal one is character­
ized by a physiological stress (Danchenko et al., 
2012; Zdorovtseva et al., 2012). The high content 
of polyunsaturated fatty acids (Fedorko et al., 
2015), and their use as one of the main energy 
substrates of myocardium (Stanley et al., 2005) 
must provoke this involvement of the tissue 
redox system in the adaptation restructuring. 
Therefore, the aim of the work was to find out 
the peculiarities of the functioning of the main 
parts (the Krebs cycle and the antioxidant sys­
tem) of the redox system in the myocardium of 
geese in the physiologically-stressed period of 
transition from the embryonic to the postnatal 
period of ontogenesis.
MATERIALS AND METHODS
In the experiment, the eggs of Kharkiv geese 
breed with the average mass of 145.7 ± 2.62 g 
were used. The effectiveness of the Krebs cycle 
was evaluated by the activity of its dehydroge­
nases, and the effectiveness of the antioxidant 
system by the content of lipid peroxidation end 
products and antioxidant enzyme activity. At 
the same time, we determined the content of 
fatty acids in the examined tissues. The investi­
gation of the dynamics of these indicators was 
performed during the second half of embryo­
genesis and postnatal adaptation at physiologi­
cally reasonable time (Ionov, 1997).
The activity level of dehydrogenases of 
the Krebs cycle was determined by the degree of 
reduction of potassium hexacyanoferrate (III) 
by using the incubation environment: succinate 
dehydrogenase (SD) (EC 1.3.5.1) (Eshchenko, 
Volsky, 1982), a-ketoglutarate dehydrogenase 
(2-OGD) (EC 1.2.4.2) (Gupta et al., 1980).
The activity of antioxidant enzymes was de­
termined by the widely-used methods: super­
oxide dismutase (SOD) (EC 1.15.1.1) (Syrota, 
2000), catalase (CAT) (EC 1.11.1.6) (Koroly- 
uk et al., 1988), glutathione peroxidase (GPO) 
(EC 1.11.1.9) (Havrilova, Hmaraet et al., 1986).
The intensity of the peroxide processes was 
evaluated by the content of lipid oxidation end 
products (TBARC) in myocardium homogen­
ate, and at the initiation of lipid peroxidation 
(LPO) by Fe2+ (TBARCi) (Ionov et al., 2011). 
Besides, antioxidant activity coefficient (KA0A) 
was used (Danchenko et al., 2012) as an inte­
gral indicator of AOP system state. The fatty 
acid content was determined by gas-liquid 
chromatography. Lipid extracts for the analy­
sis were prepared by the Bligh and Dyer me­
thod (Bligh, Dyer, 1959), according to Palmer’s 
recommendations (Palmer, 1971). In addition 
to the total content of unsaturated fatty ac­
ids (UFA) (zC), the total equivalent concent­
ration of UFA relative to the double bonds 
(unsaturation, N) was calculated (Danchen­
ko et al., 2012). Correlation and cluster analy­
sis of the obtained results were undertaken by 
the known methods, their statistical process­
ing was carried out using Microsoft Office Ex­
cel 2013 software package and SPSS v.13, with 
Student’s t-test. Ifp < 0.1, the correlations were 
considered statistically significant; if p < 0.2, 
they were treated as tendencies to correlate. 
The cluster modelling was made in Diagram 
Designer v.1.28.
RESULTS AND DISCUSSION
During the embryonic developmental period 
(from day 22 of embryogenesis), the content 
of oleic (18:1), linoleic (18:2), and linolenic 
(18:3) acids increased significantly, while 
the content of long-chain polyunsaturated ac­
ids (arachidonic, docosopentaenoic and doco- 
sahexaenoic) decreased (Table). Transition to 
atmospheric respiration was characterized by 
a stable total level of UFA. At the same time, 
the unsaturation of FA from day 22 of embry­
ogenesis to day 1 of the postnatal period de­
creased by 44.5%, which is one of genetically
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T able. Content of fatty acids, products of lipid peroxidation, the enzyme activity of the Krebs cycle,
and the AOP in geese myocardium (M ± m, n = 5)
Age, days
Indicator Embryogenesis Postnatal ontogenesis
-15 -8 -2 0 7 14
Fatty acids
16:0, % - 21.38 ± 1.07 24.24 ± 1.21 27.17 ± 1.36 22.58 ± 1.13 23.24 ± 1.16
16:1, % - 1.13 ± 0.06 1.79 ± 0.09* 1.91 ± 0.1 2.43 ± 0.12* 0.88 ± 0.04*
18:0, % - 14.15 ± 0.03 12.86 ± 0.64 11.5 ± 0.58 11.78 ± 0.59 18.58 ± 0.93*
18:1, % - 24.84 ± 1.24 28.88 ± 1.44* 35.66 ± 1.78* 25.71 ± 1.29* 22.82 ± 1.14
18:2, % - 5.02 ± 0.25 6.72 ± 0.34* 7.24 ± 0.36 15.72 ± 0.79* 11.81 ± 0.59*
18:3, % - 0.06 ± 0.003 0.11 ± 0.01* 0.14 ± 0.01* 0.91 ± 0.05* 0.72 ± 0.04*
20:4, % - 14.43 ± 0.72 8.95 ± 0.45* 6.2 ± 0.31* 6.33 ± 0.32 7.75 ± 0.39*
22:5, % - 1.96 ± 0.1 0.61 ± 0.03* 0.57 ± 0.03 0.43 ± 0.02* 0.78 ± 0.04*
22:6, % - 0.06 ± 0.003 0.05 ± 0.003 -* 0.08 ± 0.01* 0.07 ± 0.01
Total unsaturation, 
mol/g -
0.349 ± 0.02 0.286 ± 0.01 0.277 ± 0.01 0.314 ± 0.02 0.291 ± 0.02
Content of UFA, % - 47.5 ± 2.38 47.11 ± 2.36 51.72 ± 2.59 51.61 ± 2.58 44.83 ± 2.24
Enzymes of the Krebs cycle
SD, nMol/min*g 24.7 ± 2.0 412.5 ± 22.0* 504.2 ± 6.0* 441.7 ± 29.0 557.5 ± 23.0* 511 ± 25.0
2-OGD,
nMol/min*g
7.8 ± 0.7 29.17 ± 0.6* 56.1 ± 1.4* 14.17 ± 0.3* 46.83 ± 1.7* 18.83 ± 0.7*
Enzymes of the AOP system
GPO, pMol/min*g 16 ± 0.4 12 ± 1.1* 12 ± 1.0 21 ± 1.3* 8 ± 1.0* 13 ± 1.0*
CAT, pMol/min*g 44 ± 1.7 26 ± 0.9* 27 ± 0.8 33.5 ± 1.7* 19 ± 0.9* 38 ± 0.9*
SOD, cond. 
units / min*g
41 ± 0.8 47.6 ± 3.6 37.1 ± 2.7 34.3 ± 2.4 26.7 ± 0.8 18.1 ± 1.6*
Products of lipid peroxidation
TBARC, nMol/g 14.1 ± 0.6 47.7 ± 2.8* 33.5 ± 1.3* 9.7 ± 0.6* 20.1 ± 0.4* 41.4 ± 0.5*
TBARCi, nMol/g 32.9 ± 1.7 91.9 ± 2.8* 71.6 ± 4.1* 47.42 ± 1* 43.4 ± 1.9 48.9 ± 0.4
K a o A 0.43 0.52 0.47 0.21 0.46 0.85
Note. The difference is reliable in comparison with the previous indicator where: * -  p  < 0.05.
programmed mechanisms of tissue protection 
from the harmful influence of free radicals 
(Zdorovtseva et al., 2012) and is connected 
with the involvement of alternative systems 
of antioxidant protection (Luczaj et al., 2017), 
realization of which occurs by means of A-3- 
and A-6-desaturases activity reducing (Turn­
er, Rooker, 2005; Lykova, 2012; Zdorovtseva 
et al., 2012).
During the second week of ontogenesis, in­
verse changes in the content of these acids were 
observed: the content of polyenoic long-chain
acids (arachidonic and docosopentaenoic) in­
creased and the content of essential linoleic 
and linolenic conversely reduced. However, 
the most significant changes in the unsatura­
tion of FA were observed from day 22 to 28 of 
embryogenesis. That is genetically programmed 
preparation of the organisms of bird embryos 
for the hyperoxia of the late embryonic period. 
This leads to the decrease of lipids unsaturation 
of tissue and is connected to the involvement 
of alternative systems of antioxidant protec­
tion (Luczaj et al., 2017) and the intake of food
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substances that have antioxidant properties 
(Fedorko et al., 2015) and activate the AOP en­
zymes work (catalase and glutathione peroxi­
dase by 100.0 and 62.5%), that leads to the in­
crease of KAOA (Table).
The activity of the dehydrogenases of 
the Krebs cycle increased during the second 
half of the embryonic development. This is 
the consequence of mitochondria differentia­
tion and of the increase of cell energy needs 
(Kozlov et al., 1995). At the moment of transi­
tion to postnatal existence, 2-OGD is charac­
terised by a significant decrease (by 3.96 times) 
in the activity that can be connected with 
the depletion of the initial substrate as a result 
of its involvement in alternative mechanisms of 
non-enzymatic neutralization of free radicals 
(Mailloux et al., 2009). The period of transition 
to lung respiration is physiologically stressed 
(Danchenko et al., 2012) and requires mobili­
zation of the antioxidant system of the organ­
ism. Under these conditions, the decrease in 
the activity of 2-OGD may reduce the burden 
on the AOP system, since a-ketoglutarate de­
hydrogenase is capable of generating super­
oxide and peroxide radicals (Nemeria et al., 
2014; Quinlan et al., 2014). The known mecha­
nisms of enzyme inhibition by the oxidation of 
cysteine residues of E3 subunit with free radi­
cals, hydrogen peroxide (Sadek et al., 2002) 
and nitrosation with peroxynitrite and nitro­
gen oxide of tyrosine residues of E1 and E2 
(Park et al., 1999; Tretter, Adam-Vizi, 2005). 
But the most likely variant is the influence 
of 4-hydroxy-2-nonenal on the lipoic acid in 
the E2 component of enzyme (Humphries, 
Szweda, 1998), because the content of TBARC 
during this period significantly increases (Ta­
ble). In this case, 2-OGD is a marker of oxida­
tive stress development (McLain et al., 2011). 
The increase in the enzyme activity in postna­
tal ontogenesis is probably the result of an or­
ganism’s release from a physiologically stressed 
state (Tretter, Adam-Vizi, 2005), as indicated 
by the decrease in the activity of AOP en­
zymes and the increase of the AOA coefficient 
(Table). An additional reason for the increase 
of 2-OGD may be the intake of thiamine and
calcium as part of feeds as they can stimulate 
the work of this enzyme (McCormack, Den­
ton, 1979).
The embryonic development of geese oc­
curs in hypoxic conditions (Danchenko et al., 
2012). This is caused by the need for transcrip­
tion with hypoxia-induced genes that facilitate 
the production of glycolytic ATP until oxy­
gen delivery is improved (Chen et al., 2001). 
The regulation of cell sensitivity to oxygen is 
provided by transcription factors of the ARNT 
family. These factors include the HIF-1a het­
erodimer, its biosynthesis is regulated by O2 
availability (Piantadosi, Suliman, 2008). At 
the increase of the oxygen partial pressure, 
HIF-1a is exposed to proteasomal degrada­
tion, the result of which is the conversion of 
a-ketoglutarate, succinate accumulation and 
accordingly SD activation at the end of embry­
onic development and the decrease of 2-OGD 
activity in early postembryonal development. 
The alternative mechanism for activating the 
enzyme may be its glutathionylation, since it 
is known about a significant increase of SD 
activity in the state acylated by glutathione 
(Quinlan et al., 2012). This process is aimed at 
decreasing the sensitivity of the enzyme to oxi­
dative stress and is realized by the involvement 
of glutaredoxin-2 (Grx2) (Chen et al., 2007; 
Chen et al., 2008).
Activation and stabilisation of SD activity in 
postnatal ontogenesis can be caused by increas­
ing the total flow of electrons through the res­
piratory chain in the background of the intake 
of a significant amount of various vitamins with 
the feedstuff. This procedure of activation is 
possible as the enzyme is a part of the second 
complex of the electron transfer chain (Quin­
lan et al., 2012).
On the first day of postnatal development, 
there was a significant activation of antioxidant 
enzymes CAT and GPO, which was caused by 
the influence of stress factors on the organism, 
in particular, the increase of partial pressure of 
oxygen, and, possibly, due to the accumulation 
of NADH and ATP (Tretter, Adam-Vizi, 2000), 
which are necessary for the functioning of pro­
tective systems of the organism (Lu, 1999). In
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the postnatal period, the activity of SOD de­
creased.
Correlation and cluster analyses were car­
ried out to determine the existence and char­
acter of the integrated structure order of the in­
teraction of investigated indicators. According 
to the results of this analysis, two clusters were 
obtained (Fig. 1).
Cluster-1 has a more complex structure 
(Fig. 1). The highest-ranking among the inves­
tigated indicators contains palmitic acid (16:0), 
which provides the internal integration of 
the systems due to the bonds with oleic (18:1) 
and docosahexaenoic (22:6) (0.902; p < 0.05 
and -0.883; p < 0.05) acids, and total unsatura­
tion (N) (-0.833; p < 0.1). The connection with 
the antioxidant protection system is provided 
by direct correlation (16:0) with glutathione 
peroxidase (0.844; p < 0.1).
Among the indicators of the AOP system, 
KAOA has the highest rating, and it has four reli­
able connections. Connections with fatty acids
are provided via stearic and oleic acids (0.932, 
p < 0.05 and -0.877, p < 0.1), and through 
the total content of UFA (-0.834; p < 0.1). Ad­
ditionally, a direct correlation between the con­
tent of secondary lipid decomposition products 
after the initiation with Fe2+ (TBARCi) and pol­
yunsaturated arachidonic and docosapentae- 
noic acids (0.956; p < 0.05 and 0.853; p < 0.1) 
was established. Besides, these acids have direct 
connections with total unsaturation at the level 
(0.796-0.819 at p < 0.1).
In accordance with cluster-2 (Fig. 2), close 
correlations between linoleic (18:2) and linolen- 
ic acids (0.981; p < 0.01) were established within 
the tissue. Besides, integration with the Krebs 
cycle is provided by SD connections with 
18:2 (0.867; p < 0.1) and 18:3 (0.823; p < 0.1). 
Integration with AOP enzymatic system is re­
alized by a negative 18:3 bond with superoxide 
dismutase (-0.823; p < 0.1) and is also mediated 
through the CAT and SD connections (-0.723, 
p < 0.1) and 2-OGD (-0.818; p < 0.1).
Fig. 1. Clusters of indicators of ener­
gy exchange, peroxide oxidation, and 
fatty acid content in geese myocar­
dium: direct correlations are repre­
sented by solid lines (r > 0), the back­
ward correlations in dotted lines 
(r < 0); double black lines -  the level 
of correlation significance is p  < 0.01; 
single black lines -  p  < 0.05; single red 
lines -  p  < 0.1
Fig. 2. Clusters of indicators of energy ex­
change, peroxide oxidation, and fatty acid 
content in geese myocardium: direct cor­
relations are represented by solid lines 
(r > 0); backward correlations in dotted lines 
(r < 0); double black lines -  the level of cor­
relation significance is p  < 0.01; single black 
lines -  p  < 0.05; single red lines -  p  < 0.1; 
single blue lines -  p  < 0.2
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CONCLUSIONS
1. At the end of the embryogenesis, changes in 
the fatty acid composition of the geese myocar­
dium are characterized by a decrease in long- 
chain PUFA content (arachidonic, docosopen- 
taenoic, and docosahexaenoic acids) against 
the background of a stable total content of 
unsaturated fatty acids. The unsaturation of 
the fatty acids in the embryonic period de­
creases (by 44.5%), and in the postnatal period 
it gradually increases.
2. Against the background of various di­
rected changes in the activity of investigated 
enzymes, the antioxidant activity (KAOA) in 
the transition to atmospheric breathing de­
creased by half. In the postnatal period, this in­
dicator increased rapidly.
3. Correlation and cluster analyses of the tis­
sues of the geese heart confirmed the existence 
of a single redox system, in which, depending 
on the state of the organism and the nature of 
the damaging factors, different mechanisms of 
the adaptive response with the predominant in­
volvement of one or another of its components 
can be realised.
4. Direct and indirect connections of KAOA 
myocardium with the majority of unsaturated 
fatty acids content indicate that at this stage 
of development, with increased oxygen con­
sumption, the regulation of lipid peroxidation 
becomes more important by means of trigger­
ing neurohumoral mechanisms that reduces 
unsaturation of fatty acids lipids and in this 
way they significantly increase cell resistance to 
harmful effects of oxygen active forms.
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OKSIDACIJOS IR REDUKCIJOS ONTOGENI- 
NES SAVYBES Z^SIES MIOKARDE
S a n t r a u k a
Kiekvieno organizmo l^steles skirtings priezascip 
fiziologinio streso s^lygomis patiria kompensaci- 
nius metabolinius pokycius, kurip specifiskumas 
priklauso nuo funkcinip ir histocheminip küno 
audinip savybip. Sio darbo tikslas -  apibüdinti pa- 
grindinip oksidacijos ir redukcijos sistemos (ORS, 
Krebso ciklas ir antioksidacijos sistema) kompo- 
nentp funkcionavim^ z^sies miokarde skirtingomis 
fiziologinio streso s^lygomis embriono vystymosi 
iki postnatalinio periodo metu. Eksperimentiskai 
nustatyta, kad antrame z^sies embriogenezes perio­
do etape labai padideja trumppjp grandzip riebalp 
rügscip kiekis ir sumazeja ilgpjp grandinip poline- 
socipjp riebalp rügscip kiekis miokarde. Per pirm^- 
sias dvi postnatalinio periodo savaites jvyksta grjz- 
tamieji riebalp rügscip sudeties pokyciai. Antrajame 
embriogenezes etape, esant mazam antioksidanti- 
nip fermentp aktyvumui, vyksta Krebso dehidro- 
genazip aktyvacija. Kartu pastebetas antioksidan- 
tinio aktyvumo koeficiento padidejimas, isskyrus 
reiksming^ jo sumazejim^ pirm^j^ postnatalines 
ontogenezes dien^. ORS veikimas z^sies miokarde 
charakterizuojamas pagal koreliacij^ tarp 19 istirtp 
komponentp (Krebso dehidrogenazes, antioksidan- 
tinip fermentp, lipidp peroksidacijos produktp, an- 
tioksidantinio aktyvumo koeficiento, riebalp rügs- 
cip, jp bendro kiekio ir neprisotinimo) ir sistemos 
struktürizavimosi j dvi grupes.
Raktazodziai: dehidrogenaze, Krebso ciklas, 
riebalp rügstys, antioksidantine apsauga, hiperoksi- 
ja, hipoksija
